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STATCOM = STATCOM supplies reactive power into the bus. PMU measurements are 
Voltage stability used to determine bus voltages at regular intervals, and reactive power is 
VSM then added to the bus online as necessary. The increased voltage stability 
margin brought on by STATCOM injecting reactive power is continuously 
checked. Based on simulations performed on the IEEE 14-bus system and 
the New England 39-bus system, the effectiveness of the suggested approach 
for online monitoring and management of voltage stability margin (VSM) 
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1. INTRODUCTION 

Voltage stability maintenance is crucial for the safe operation of power systems. Voltage instability 
may cause unacceptable low voltages to develop in a sizable portion of the network, which could cause 
voltage collapse in a sizable area [1]. The system has been advised to use a number of control strategies to 
guard against voltage breakdown. Lack of reactive support is one of the main causes of voltage instability. 
Reactive power transmission is challenging, especially under pressure. Local reactive support at essential 
buses therefore appears to be a workable solution to voltage instability. The advent of flexible AC 
transmission system (FACTS) controllers, which can efficiently control voltage stability of the system, is the 
result of advancements in power electronics technology [2]. A shunt controller called static synchronous 
compensator (STATCOM), which is a member of the FACTS family, can increase the voltage stability 
margin by injecting reactive power into the bus. Given the high cost, it's crucial to deploy STATCOM at the 
best position. Voltage stability margin is typically improved by providing adequate reactive power assistance 
at the crucial bus or weakest bus of the system. For the placement of STATCOM, the L-index based 
technique to identify key buses has been taken into consideration [3], [4]. Since Tokyo's voltage collapse, the 
P-V and Q-V curves based approach has been frequently utilized to determine the best position and size for 
STATCOM [5], [6]. These methods demand a lot of time and space. 
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The position and size of FACTS devices have been determined using a variety of heuristic methods. 
The ideal size and location of FACTS devices have been determined using mixed integer linear and non- 
linear programming. Local minima and computing effort provide a challenge, albeit [7]-[11]. The 
STATCOM size and allocation problem can be resolved using the evolutionary computation method known 
as particle swarm optimization (PSO). Numerous power system concerns, including economic load dispatch, 
generating gaps, and short-term load forecasts, have benefited from the application of this technique. For the 
best location and size of STATCOM to increase load ability and voltage stability, a Particle Swarm 
Optimization-based technique and other related techniques are reported [12]-[20]. To increase the voltage 
stability of the power system network, Lei and Fei suggested an innovative nonlinear (IN) H-control for 
STATCOM [21]. The IN H-control for STATCOM in this study was designed using the Hamiltonian 
function technique. The idea of trajectory sensitivity is used to identify important buses in a suggested 
systematic strategy for improving short-term voltage stability [22]. It has been suggested that STATCOM 
should control power directly depending on the transit of active power as a result of injecting or absorbing 
reactive power [23]. 

The majority of studies on STATCOM's involvement in improving the voltage stability of offline 
systems have been taken into consideration. It appears that voltage stability of online systems can be 
monitored and managed with the development of phasor measurement units (PMUs) [24]. This study 
suggests employing phasor measurement units to monitor and regulate the voltage stability of online systems 
used with STATCOM. Given that STATCOM placement is an offline strategy, the system's crucial bus, as 
determined by the continuation power flow (CPF) method [25], has been appropriately located herein. 
However, it has been suggested for the online systems to monitor and adjust the voltage stability margin due 
to the reactive power injection by STATCOM to the crucial bus utilizing bus voltages monitored by phasor 
measuring units at regular intervals. 


2. STATCOM PLACEMENT STRATEGY 

As an offline technique, STATCOM placement is chosen based on the maximum load ability 
determined by the continuation power flow (CPF) approach. The peak reactive power and peak real power 
load ability at every bus are determined for the intact system scenario and all single line outage instances. 
Reactive power and real power demand were varied in accordance with the following to achieve peak 
reactive power load ability and real power load ability: 


Pp, = Pp,,(1 + Aip) (1) 
Qp; > Qda (1 + Rig) (2) 


Were: Pp, = Real power demand at bus-/; Qp, = Reactive power demand at bus-i; Pp,, = Real power demand 
at bus-i at the base case operating point ; Qp, = Reactive power demand at bus-i at the base case operating 
point; Aj, = Fraction of real power demand increase at bus-i; Aj, = Fraction of reactive power demand 
increase at bus-i. 

For the majority of contingency instances, STATCOM is situated on the bus with the lowest real 
power load ability and reactive power load ability. This work takes into account the STATCOM voltage 
regulator model shown in Figure 1, which supplies reactive power into the bus based on how much the bus 
voltage deviates from its reference value, subject to a maximum and minimum injection current limit 
(viZ. imax aNd imin as Shown). 

Dynamic model of STATCOM state equation is given by, 


isn a (K, (Vref = Vi) ar isu)/T, (3) 


Were: is, = Current injected to bus by STATCOM; V,ef = Reference value of bus voltage magnitude; 
Vk = Voltage of bus-k (the bus where STATCOM is placed); K„= Gain of voltage regulator; T,= Time 
constant of voltage regulator. Reactive power (Qsp) injected by STATCOM is given by, 


Qsy = tsnV (4) 


as injected current and bus voltage are taken to be in phase quadrature. 
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Figure 1. STATCOM model 


3. METHODOLOGY FOR ON-LINE CONTROL OF VOLTAGE STABILITY MARGIN 
THROUGH STATCOM 

Pseudo measurements and phasor measurements unit (PMU) measurements carried out at three 
operational conditions are used to monitor the voltage stability margin of the system used with STATCOM 
online. Fresh PMU measurements are carried out and updated voltage stability information is obtained at 
frequent intervals because operating points are constantly changing as a result of changes in operating 
conditions and network topology. Based on the outcomes of binary spider monkey algorithm approach for 
optimal siting of phasor measurement unit for power system state estimation [26], PMUs are strategically 
positioned in the network to ensure complete network observability even in the event of PMU failure. 

To calculate the magnitude of the voltage across all the buses, pseudo measurements and phasor 
measurements unit (PMU) measurements carried out at the 3 operating conditions. The bus's reactive power 
injection by STATCOM at the 3 operating conditions are calculated in accordance with (3) and (4). By 
quadratic fitting of nose curves based on pseudo measurements and PMU measurements collected at 3 
operating conditions as follows, the voltage stability margin (peak reactive power load ability as well as real 
power load ability) of the network used with STATCOM is derived: 

Voltage magnitude V; versus real power demand (Pp,) curve of bus-J shown in Figure 2 may be 
roughly acquired by solution of quadratic equation as shown in (5). 


2 
Pp, = QiVi + a2:Vi + azi (5) 
Where, a;;, @2;and az; are constants. Differentiating Pp, with respect to Vj, 


dPp, 


av; T 201iVi + azi (6) 
4 dPp. 
P-V curve at nose point, aa 0. Consequently, from (6) 
MD: =, 5 Sat. 
Me oe o) 


where, y” = bus-i voltage magnitude at the P-V curve's peak shown in Figure 2. In (5) and (7) 


a 


2. 
PR = -$2 + axi (8) 


where Pj,= At the peak of the P-V curve, the real power requirement of bus-i shown in Figure 2. 


By solving a quadratic equation, the reactive power demand versus voltage magnitude curve (Q-V 
curve) of bus-i shown in Figure 3 can be roughly determined. 


Qo; = bV? + bz;V; + bzi (9) 


where, b,;,b2; and bz; are constants. Differentiating Qp with respect to V; 


dQp, 
avi 2b1iV; + bzi (10) 


dQp, 
At the nose point of Q-V curve, oi 0, Therefore, from (10) 
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where, V,"*= bus-/ voltage magnitude at the Q-V curve’s peak shown in Figure 3. From (9) and (11) 
b2; 
Op, Se Tt bsi (12) 


where Qp,= Bus-i reactive power requirement at the Q-V curve's peak shown in Figure 3. 
Equations are solved to obtain constants a4;, a2; and a3; : 


Pp, = (V$)? + az: Vf + azi (13) 
P$, = Ui(V?)? + az: V? + azi (14) 
PÈ; = (VP)? + az: V? + azi (15) 


where, Vi, Vê, v3 shown in Figure 3 and in Figure 2 measure the magnitude of voltage of bus-i at 3, 2 and 1, 
operating points respectively, and P$; P$, and Ph shown in Figure 2 related to real power demand of bus-i at 
3, 2 and 1, operating points correspondingly. 


K yt T2 = 
və V? == 
ve ee v? a — 
` \ 
Vi a a essence | a 
y / 
> 
Be È 5 a o, % o; o; 
> Pp, — Qp, 
Figure 2. P-V curve of bus-i Figure 3. Q-V curve of bus-i 


Calculated constantsa,;, az;and a3; are used to determine maximum real power loading of bus-i 


using (8). Constants b; , b2; and b3; are calculated by solutions of equations: 


Q5, = bi (Vi)? + bz; Vf + bzi (16) 
QB, = bui (VŽ)? + baiV? + bzi (17) 
Qi; = b, (V7)? + bz; V? + bzi (18) 


where, QB; Q6; and Q5; shown in Figure 3 related to reactive power demand of bus-i at 3, 2 and 1, operating 
points correspondingly. Determined constants b,;, b2; and b3; are used to calculate maximum reactive power 
load ability of bus-i considering (12). 

The real power demand, reactive power demand and voltage magnitude acquired from pseudo 
measurements/PMU measurements carried out at operating points 3, 2, and 1 are used to evaluate constants, 
bli, b2i, b3i ali, a2i and a3i for every load bus. Peak reactive power load ability and maximum real power 
load ability of every bus are predicted by evaluated constants using (8) and (12), respectively. Peak real 
power load ability of the system is defined as the least out of peak real power load ability of every load bus 
present in the system, and the corresponding bus is regarded as the most important bus based on peak real 
power load ability. According to the peak reactive power load ability criterion, the corresponding bus is 
regarded as the most crucial bus because it has the lowest peak reactive power load ability of all the load 
buses that are present in the system. Figure 4 depicts the flow chart for online monitoring of the voltage 
stability margin and its control using STATCOM. Since the peak load ability of a real-time system changes 
as operating conditions change, it is suggested to update the maximum load ability as well as the bus 
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information that is most important to the system on a regular basis using new PMU measurements. The 
flowchart in Figure 4 starts off with high maximum initial load abilities of 10,000 MVAR and 10,000 MW, 
respectively, keeping in mind that these values are higher than the maximum load abilities of any of the load 
buses in the system. It then gradually reduces these values until the most critical bus has reached its 
maximum reactive power and real power load abilities. STATCOM injects reactive power in accordance with 


(3) and (4) after each PMU measurement (4). 
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Figure 4. Flowchart for online control of maximum load ability using STATCOM 


4. RESULTS AND DISCUSSION 


Case studies were performed on IEEE 14-bus system and a New England 39-bus system. Below are 


reported the results of two systems’ simulations: 
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4.1. TEEE-14 bus system [27] 

IEEE-14 bus system consists of three synchronous condensers (at 8, 6, 3 bus numbers), two 
synchronous generators (at 2, 1 bus numbers), three synchronous condensers (at bus numbers 3, 6, 8), and 20 
transmission lines (including 3 transformers). Continuation power flows were run to determine peak real 
power load ability as well as peak reactive power load ability of each bus for the system intact case and all 
the single line failure cases. For running continuation power flows, reactive and real power demand at each 
bus was varied as per (1) and (2), respectively. Maximum real power load ability (P//%*) along with critical 
bus number based on real power load ability, have been shown in Table 1 for the intact system case and few 
critical contingency cases. Maximum reactive power load ability (Q4%*) along with critical bus number 
based on reactive power load ability, have been shown in Table 2 for the intact system case and few critical 
contingency cases. It is observed from Table 1 and Table 2 that bus-5 is the most critical bus based on real 
power load ability as well as reactive power load ability for majority of critical contingencies. Therefore, 
bus-5 was selected as the optimal location for the placement of STATCOM. 

Based on the outcomes of Binary spider monkey algorithm approach for optimal siting of phasor 
measurement unit for power system state estimation, PMUs were installed at buses 2, 4, 5, 6, and 9 to ensure 
complete system observability even in the event of PMU failure of a few. Using the flowchart in Figure 4, the 
maximum reactive and real power load ability of the system with STATCOM installed at bus-5 was 
computed for both the system intact case and all single line failure instances. Based on the flowchart shown 
in Figure 4 and disregarding the blocks corresponding to STATCOM, real and reactive power load ability for 
the system without STATCOM were also calculated in order to validate the adequacy of the STATCOM 
deployment strategy. 


Table 1. Critical bus real power load ability under critical contingencies was achieved using the CPF 


approach 
C.C. Intact case 1-2 2-3 2-4 1-5 2-5 
PŘ (MW) 40.20 16.19 30.11 32.91 34.50 35.26 
C.B. 5 5 4 5 5 5 


Table 2. Critical bus reactive power load ability under critical contingencies was achieved using the CPF 


approach 
C.C. Intact case _1-2 2-3 9-14 6-13 9-10 
QX (MVAR) 8.46 0.54 3.07 5.22 6.04 6.10 
C.B. 5 5 4 14 13 10 


ax, OMe 


C.C. = critical contingency, P} = maximum active and reactive power load ability, C.B. = critical bus 


The continuous power flow (CPF) method was used to determine the real and reactive power load 
ability for systems with and without STATCOM. For the intact system case and a few key contingency cases, 
the real and reactive power load ability of the system with and without STATCOM have been demonstrated 
in Table 3 and Table 4, respectively. The placement of STATCOM at the ideal location (i.e., bus number 5) 
leads to a notable improvement in the voltage stability margin, as can be seen from Table 3 and Table 4. 
Figure 5 compares the nose curves of important bus 5 during the line outage 2-3 using real power collected 
using the suggested approach with and without STATCOM. The nose curves of crucial bus 5 computed using 
the suggested technique without and with STATCOM for the line failure 2-3 employing reactive power are 
also shown in Figure 6. Figure 5 and Figure 6 show that placing STATCOM at bus 5 significantly increases 
the voltage stability margin. 


4.2. New England 39-bus system [28] 

The New-England 39-bus system has 46 transmission lines and ten generators with twelve zero- 
injection buses at bus numbers 1, 2, 6, 5, 9, 10, 13, 11, 14, 19, 17 and 22. New England 
39-bus system for the intact system scenario and all single line failure cases, continuation power flows were 
used to calculate the peak reactive power load ability and peak real power load ability of every bus. Real and 
reactive power demands at each bus were adjusted in accordance with (1) and (2), respectively, for running 
continuation power flows. For the intact system scenario and a few important contingency cases, the peak 
real power load ability and critical bus number based on real power load ability are shown in Table 5. Table 6 
for the intact system case and a few important contingency cases displays the peak reactive power load 
ability as well as the critical bus number based on reactive power load ability. Based on real power load 
ability and reactive power load ability for the majority of key scenarios. 
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Figure 5. Comparison of P-V curves of critical bus 5 without STATCOM and with STATCOM for line failure 
3-2 based on PMU measurements 
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Figure 6. Comparison of Q-V curves of critical bus 5 without STATCOM and with STATCOM for line failure 
3-2 based on PMU measurements 


Table 3. Real power load ability of the system with and without STATCOM 


Critical PMU measurements CPF method 
one Without STATCOM With STATCOM at bus- 5 Without STATCOM With STATCOM at bus- 
pMax (MW) pMax (MW) pMax (MW) 5PMax (MW) 
Intact 39.44 49.60 40.20 43.77 
1-2 17.78 20.20 16.49 17.63 
2-3 31.65 37.05 30.11 33.42 
2-4 32.76 43.71 32.91 38.32 
1-5 37.39 40.66 34.50 39.03 
2-5 35.64 42.93 35.26 44.59 
Table 4. Reactive power load ability of the system with and without STATCOM 
Critical PMU measurements CPF method 
ano Without STATCOM With STATCOM at Without STATCOM With STATCOM at 
QMax (MVAR) bus- 5QM@@ (MVAR) Max (MVAR) bus- 5QM** (MVAR) 
Intact 7.81 9.25 8.46 9.05 
1-2 0.56 127 0.54 0.58 
2-3 3.10 3.65 3.07 4.73 
6-13 5.57 9.08 6.04 6.38 
9-14 4.68 7.31 5.22 6.44 
9-10 5.64 8.30 6.10 6.50 
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It can be seen from Table 5 and Table 6 that bus-29 is the most critical bus. As a result, bus-29 was 
chosen as the ideal site for the installation of STATCOM. 21 PMUs were placed at bus numbers 4, 8, 12, 16, 
18, 20, 23, 25, 26, 27, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38 and 39. Based on the findings of the binary spider 
monkey algorithm, full network observability is guaranteed even in the event of a small PMU loss [18] by 
assuring the optimal siting of phasor measurement units for power system state estimation. Using the 
flowchart in Figure 4, the maximum real and reactive power load ability of the system considering 
STATCOM installed at bus number 29 was computed for both the intact system case and all single line 
outage instances. Real and reactive power load ability were also determined for the system without 
STATCOM using the been demonstrated in Table 7 and Table 8, respectively. Tables 7 and 8 show that 
placing STATCOM in the ideal location-bus number 29-affects the voltage stability margin significantly 
more. Figure 7 compares the nose curves of important bus 29 for the line failure 38-29 using the suggested 
technique without and with STATCOM. A comparison of the critical bus 29's nose curves computed using 
the suggested approach without and with STATCOM for the line failure 38-29 is also shown in Figure 8. 
Figure 7 and Figure 8 show that placing STATCOM at bus-29 significantly increases the voltage stability 
margin. 


Table 5. Peak real power loadability of critical bus under critical contingencies calculated by cpf approach 
C.C. Intact case 21-22 28-29 22-35 10-32 29-38 
P™* (MW) 1686.83 930.60 989.42 1099.98 1102.82 2380 
D 


C.B. 29 23 29 29 29 20 


Table 6. Peak reactive power loadability of critical bus under critical contingencies calculated by cpf approach 


CC. Intact case 2-25 29-38 28-29 10-32 15-16 
Max 151.01 51.26 72.10 88.58 98.73 168.90 
D (MVAR) 
C.B. 3 5 4 14 13 10 


927.41 MW | 
Litneaa> 


| Tao8.33mw [> 


0.85 — ji | 


0.8 — lhe _— 


364.7 437.64 510.58 583.52 656.46 729.40 802.34 875.28 948.22 
Active Power P (MW) 


Figure 7. Comparison of P-V curves of critical bus 29 without STATCOM and with STATCOM for line 
outage 22-21 based on PMU measurements 


Table 7. Real power load ability of the system with and without STATCOM 


Critical PMU measurements CPF method 
Pa art Without STATCOM With STATCOM at Without STATCOM With STATCOM at bus-29 
pMax (MW) bus-29 PMax (MW)) pMax (MW) PMax (MW) 
Intact 1363.64 1419.85 1686.83 1702.68 
28-29 856.17 926.73 989.42 1003.23 
21-22 908.33 927.41 930.60 943.28 
22-35 1108.49 1117.63 1099.98 1104.45 
10-32 1114.16 1144.15 1102.82 1107.47 
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Table 8. Reactive power load ability of the system with and without STATCOM 


Critical PMU measurements CPF method 
contingency Without STATCOM With STATCOM at bus-29 Without STATCOM With STATCOM at 
gitax (MVAR) QX (MVAR) QX (MVAR) bus-29 QM@* (MVAR) 

Intact 122.08 127.11 151.01 157.23 

28-29 76.65 82.97 88.58 98.32 

29-38 73.34 103.40 72.10 75.91 

15-16 142.60 150.93 168.90 169.41 

2-25 42.10 43.45 51.26 51.97 

10-32 99.74 102.43 98.73 99.15 
1.08 T T i i - 

Without STATCOM 
souas With STATCOM 
1.08 pan = 
1.04 | - = 
1.02 > s | 
: [73.34 MVAR ] 

Li bbLLLLTTTITTTT P aaee udc iaei | al 
0.98 |- ARRENE Sasa esdeniees i E aj 
0.96 |-— Tinne H 
iii | ] ngee t T = [403.40 MVAR 
a a cpesesneneneen . | ea 
oS i t i i i 
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Reactive Power Q (MVAR) 


Figure 8. Comparison of Q-V curves of critical bus 29 without STATCOM and with STATCOM for line 
outage 38-29 based on PMU measurements 


5. CONCLUSION 

The majority of research has focused on controlling and monitoring the voltage stability of offline 
systems. This work proposes reactive power injection using STATCOM for real-time monitoring and control 
of online systems. Based on voltage measurements taken by PMUs at three successive operation points, the 
voltage stability margin has been measured in real time. Based on the difference between the bus voltage 
magnitude and its predefined value, STATCOM supplies reactive power to the crucial bus (the bus where it 
is installed). Using updated PMU data, the increased voltage stability margin caused by reactive power 
injection is checked often. The efficiency of the suggested method of real-time management of voltage 
stability margin through reactive power supply by STATCOM is demonstrated by case studies carried out on 
three test systems. 
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